Background: TAP proteins tagged with CFP and YFP were used for FRET spectroscopy measurements. Results: Conformational changes of the nucleotide binding domains (NBD) were measurable in permeabilized cells. Conclusion: TAP-specific peptides induce NBD closure, and maximal NBD closure is induced by the combination of a peptide and a non-hydrolysable ATP analog. Significance: These studies elucidate distinct steps of the TAP transport cycle.
to form a heterodimer in solution in the presence of either ADP or ATP (8) . However, interactions between the NBD of fulllength TAP1-TAP2 complexes have not been investigated previously.
Although the crystal structures of isolated TAP1 nucleotidebinding domains have been solved (7, 8) , high-resolution structural data for full-length TAP are currently lacking. According to the current mechanistic model for ABC transporter function (reviewed in Refs 5, 6) , TAP can exist in at least two major conformations during the catalytic cycle: an "inward"-facing conformation, with the peptide binding pocket exposed to the cytoplasmic side and separated NBDs (Fig. 1A) , and an "outward"-facing conformation with a low-affinity peptide binding site exposed to the ER and closely interacting NBDs (Fig. 1B) . The C termini of the two NBDs are predicted to undergo large distance changes when going from an inward-facing conformation to an outward-facing conformation (9) . In this report, we investigated the movement of TAP NBDs during the catalytic cycle using a FRET approach, which allows us to monitor the distance changes between the TAP1-TAP2 NBDs in a native cellular membrane environment under different conditions without the need of biochemical sample preparation.
EXPERIMENTAL PROCEDURES
Baculovirus Constructs-A baculovirus encoding the enhanced cyan fluorescent protein-tagged version of human TAP1 (TAP1-ECFP) was obtained as described previously (10, 11) . For construction of the enhanced yellow fluorescent protein-tagged version of human TAP2 (TAP2-EYFP), the TAP2 was excised from pPCRscript (11) with BglII and ligated into pEYFP (Clontech) at the BamHI site to generate the TAP2 fusion with EYFP. TAP2-EYFP was then excised from pEYFP with XbaI, ligated into the vector pVL1393 (BD Pharmingen) at the XbaI site, and used to generate a TAP2-EYFP-encoding baculovirus using the BaculoGold transfection kit (BD Pharmingen). The hydrolysisdeficient TAP2 mutant TAP2-EYFP(E632Q) was made by introducing the E632Q mutation into TAP2-EYFP using the QuikChange site-directed mutagenesis kit. The primers were 5Ј-GGGTCCTCATTCTAGATCAGGCTACTAGTGCCC-TAG-3Ј (forward) and 5Ј-CTAGGGCACTAGTAGCCTGAT-CTAGAATGAGGACCC-3Ј (reverse) (11) . All primers were purchased from Invitrogen.
Insect Cell Infections, Microsome Preparations, and Peptide Translocation-Sf9 cells were cultured in Sf-900 TM II serum free media (SFM) (Invitrogen). The cells were grown to confluence and infected with the appropriate baculoviruses at multiplicities of infection of 5-20, depending on the protein expression level of individual baculoviruses. Following these infections, the cells were harvested after 72 h, and microsomal membranes were generated as described (12) . Peptide transport was analyzed using the fluorescent peptide RYWANATK FITC SR as described previously (13) . The translocation assay was performed by incubating microsomes with 10 M of FITC-labeled peptide at 37°C for 15 min in the presence of 5 mM ATP. Microsomes were lysed in 1% Nonidet P-40. The fraction of transported and glycosylated peptide was recovered by overnight incubation with ConASepharose (Pharmacia, Freiburg, Germany) and quantified by plate reader. Data were plotted as the mean Ϯ S.E. of triplicate measurements. To measure TAP-dependent transport in whole cells, insect cells (2 ϫ 10 6 ) were semipermeabilized with 0.05% saponin for 10 min on ice (14) . After washing, the cells were resuspended in a final volume of 200 l of buffer A (20 mM HEPES, 150 mM NaCl, 5 mM MgCl 2 (pH 7.4)) containing 10 mM ATP. The transport reaction was initiated by adding 1 M fluorescent peptide (RYWANATK FITC SR) for 15 min at 37°C. Transported peptides were isolated using ConA beads and quantified as described above.
FRET Measurements-Sf9 cells were infected with recombinant baculoviruses, harvested by scraping 40 -60 h post-infection, and washed once with cold buffer A. Sf9 cells were semipermeabilized with 0.05% saponin on ice for 10 min in buffer A (14) . Cells were resuspended at a fixed density (1 ϫ 10 6 cells/ml) for all measurements. FRET spectra were generated by exciting cells at 430 nm (bandpass, 8 nm) and scanning from 450 -600 nm (bandpass, 4 nm) on a FluoroMax-4 fluorometer (Horiba Scientific). The apparent FRET efficiency was measured by calculating the ratio of emission of EYFP (527 nm) to ECFP (475 nm) (15) , and FRET efficiency changes are shown as (A/D (sample) Ϫ A/D (control)) / A/D (control). Results are expressed as mean values Ϯ S.E. of at least three independent experiments, with each experiment analyzed in triplicate. Statistical analysis was carried out using GraphPad Prism 5.0 (Graphad Software Inc.) Statistical significances evaluated using paired Student's t tests are indicated in the figure legends with corresponding p values of *, p Յ 0.05; **, p Յ 0.01; ***, p Յ 0.001; and ****, p Յ 0.0001.
Peptide Binding Analysis-To calculate the dissociation constant K D for the peptides, the FRET efficiency change B was plotted against the peptide concentration [P]. Data were fitted using Equation 1,
and K D values were determined by nonlinear least squares analysis.
Trapping of the TAP Complex by Vanadate-Permeabilized cells were incubated in buffer A containing 1 M peptide RKL, 100 M ATP, and 100 M vanadate for 10 min at 27°C. Vanadate was prepared as follows. Sodium orthovanadate was dissolved in water, and the pH of the solution was adjusted to 10 using HCl. The solution had a dark orange color and was boiled for 2 min until it turned colorless. Then it was cooled to room temperature. The process of adjusting the pH, boiling, and cooling was repeated two more times. The solution was stored frozen at Ϫ80°C until use.
RESULTS

Expression of Functional FRET Fusions of TAP Proteins in sf9
Insect Cells-To perform FRET assays, the fluorescent proteins ECFP and EYFP were fused to the C-terminal ends of TAP1 (T1C) and TAP2 (T2Y) and used as donor and acceptor, respectively (Fig. 1) . Recombinant baculoviruses encoding T1C and T2Y were obtained as described under "Experimental Procedures" (10, 11) and used to coinfect sf9 insect cells. To characterize the optical properties of ECFP and EYFP when attached to TAP1 and TAP2, the fluorescence of cells expressing T1C, T2Y, or T1C/T2Y were detected using a fluorometer, which showed that the fusion of ECFP or EYFP to TAP1 or TAP2 did not alter the spectral properties of the fluorescent proteins ( Fig.  2A) . When excited at 430 nm or 490 nm, T1C and T2Y displayed typical spectra for ECFP and EYFP, respectively, with emission peaks at 475 and 527 nm. Cells expressing both T1C and T2Y showed a significant FRET signal at 527 nm following excitation at 430 nm, indicating the formation of TAP1-TAP2 heterodimers (Fig. 1A) .
To ensure that attachment of fluorescent proteins to the TAP subunits did not interfere with the formation of a functional heterodimeric complex, peptide translocation experiments were next performed. A fluorophore-labeled TAP substrate (RYWANATK FITC SR) was incubated with control cells, cells expressing wild-type TAP complexes, T1C-T2Y, or an ATPase-deficient mutant complex, T1C-T2Y(E632Q) (11) . The glutamate-to-glutamine mutation at the residue C-terminal to the Walker B motif, as in TAP2(E632Q), impairs ATP hydrolysis and NBD dimer separation in many ABC transporters (8, 16, 17) . Transport of the peptide in whole cells was assessed in the presence or absence of ATP using previously described transport assays (14) . Cells lacking TAP were used as the negative control. Similar to untagged wild-type TAP complexes, peptide fluorescence intensities from cells expressing T1C-T2Y were about 4-fold higher in the presence of ATP (ϩATP) compared with the corresponding signals observed in the absence of ATP (-ATP) (Fig. 2B) , indicating that the T1C-T2Y complex is competent for translocation and, thus, folded and assembled similarly to the wild-type TAP complex. The ATPase-deficient mutant complex T1C/T2Y(E632Q) did not transport peptides, as expected from previous measurements with untagged mutant complexes (11) (Fig. 2B) . Thus, the attachment of ECFP or EYFP at the C terminus does not affect the function of TAP, which allowed us to use the tagged TAP1-TAP2 complexes to study NBD interactions in permeabilized cells.
Nucleotide Binding Induces Temperature-dependent Conformational Changes-Nucleotides are important cofactors that regulate the conformation of ABC transporters. The crystal structures of NBDs of ABC proteins and biochemical studies support the concept of an ATP binding-driven dimerization and ATP hydrolysis-promoted separation of NBDs (18, 19) . Purified TAP1-TAP2 NBDs are unable to form a heterodimer in solution in the presence of either ADP or ATP (8) . We investigated the effect of nucleotides on NBD interaction in the context of full-length TAP1 and TAP2 by using fluorescent protein-based FRET spectroscopy. Comparing the acceptor to donor (A/D) ratio between spectra is an established method of estimating relative distance changes between two fluorophores (20) , and applications of this method to examine averaged conformational changes in intact cells have been described recently (for example, in Ref. 15 ). An increase in the A/D ratio indicates an increase in FRET efficiency and a decrease of distance between the donor and acceptor molecules. A decrease in the A/D ratio, on the other hand, would indicate an increase in the distance.
To exclude the influence of endogenous ATP, we incubated the cells with saponin to permeabilize the cells, and intracellular ATP was rinsed out with buffer lacking ATP (21) . Fig. 3 , A and B, shows FRET efficiency changes, normalized to the apo state, obtained for the wild-type T1C-T2Y complex in the presence of ADP, ATP, and a non-hydrolysable ATP analog, AMP-FIGURE 1. Schematic depiction of the FRET assay for measuring TAP1-TAP2 NBD interactions. TAP comprises two subunits, TAP1 and TAP2, each containing a transmembrane region (blue) and cytosolic NBD (pink). TAP is thought to exist in an NBD-open, inward-facing (cytosol-facing) conformation (A) or an NBD-closed, outward-facing (ER-facing) conformation (B). However, the factors required to drive transitions between the conformations are poorly understood. Prior studies with other ABC transporters have implicated ATP binding and hydrolysis in driving conformational changes. Because of the predicted NBD distance changes during peptide transport, we expected that different TAP conformations could be monitored on the basis of FRET efficiencies between ECFP and EYFP tagged to the NBDs of TAP1 and TAP2. PNP (adenosine 5Ј-(␤,␥-imido)triphosphate). Previously, it had been shown that AMP-PNP can bind ABC transporters and induce a "closed" NBD conformation (19, 22, 23) . At 4°C, neither ADP, ATP, nor AMP-PNP induced a significant FRET efficiency enhancement (Fig. 3A) . However, at 27°C, all three nucleotides enhanced FRET efficiency (Fig. 3B) . ADP has been shown to be less effective than ATP in inducing NBD dimerization of other ABC transporters (24, 25) . However, in the case of full-length TAP complexes in native cell membranes, there was no consistent difference between the FRET signals induced by ATP and ADP or even the non-hydrolysable AMP-PNP.
Stable nucleotide-bound dimers of ABC transporter NBDs have been obtained previously by preventing ATP hydrolysis by mutagenesis (16) . As can be seen in Fig. 3 , C and D, with the ATPase-deficient TAP mutant complex T1C/T2Y(E632Q), the addition of ATP, but not ADP, markedly increased the FRET signal even at 4°C (Fig. 3C) . At 27°C, both ADP and ATP enhanced FRET efficiency significantly, but the effect of ATP is stronger than that of ADP (Fig. 3D) . Thus, the mutant complex is more sensitive to the effect of ATP compared with the wildtype TAP counterpart. Additionally, nucleotides have different effects on TAP NBD closure in the context of the ATPasedeficient TAP mutant complex compared with the wild-type complex.
NBD Closure Following Peptide Binding Is the Key
Step in Peptide-stimulated ATP Hydrolysis-To test the effects of peptides on NBD interactions, we chose two peptides substrates, RRYQKSTEL (RKL) and RRYNASTEL (RAL), with a high and intermediate affinity for TAP, respectively (26) . Additionally, because peptide acetylation at the N terminus is expected to impair binding to TAP (27, 28) , the acetylated peptide GIL-GCVFTL (Acetyl-GL) was used as a control. As shown in Fig. 4 , A and B, addition to the T1C-T2Y complex of the TAP-specific peptides RKL and RAL, but not the control peptide Acetyl-GL, leads to a significant increase in FRET efficiency, suggesting that the binding of substrate peptide alone can induce a conformational change in the NBDs, which enhances NBD proximity. To exclude the influence of residual endogenous ATP, we used apyrase-treated microsomes prepared from T1C-and T2Y-infected insect cells in buffers lacking nucleotides. Similar to the cell-based FRET study (Fig. 4B) , peptide binding altered the distances between the two NBDs, even under the ATP-depleted microsome condition (Fig. 4C) , confirming that peptide binding alone in the absence of bound nucleotides can induce conformational changes of the NBD.
We next analyzed the FRET efficiency as a function of peptide concentration (Fig. 4D ). There was a dependence of FRET efficiency on the peptide concentration for both the high-and intermediate-affinity peptides, but not for the control peptide, which did not enhance the FRET signal, even at a high concentration. The K D values calculated on the basis of the FRET efficiency changes are 68.92 Ϯ 17.42 nM and 239.1 Ϯ 156.2 nM for RKL and RAL, respectively. These values correlate directly with the peptide binding affinity constants reported by saturation binding assays (154 Ϯ 9 and 503 Ϯ 54 nM, respectively), and the half-maximal concentrations for ATPase stimulation for these two substrates (161 Ϯ 15 and 574 Ϯ 134 nM, respectively) (26). It is noteworthy that similar maximal FRET enhancements were achieved with both peptides. Thus, the saturation of all substrate-binding pockets leads to a similar NBD closure. From this correlation between peptide-induced NBD conformational changes, peptide binding affinity, and ATPase activity, we deduce that peptide binding-induced NBD closure is the key step underlying previous findings of peptide-stimulated ATP hydrolysis (26, 29) .
Synergistic Effects of Peptides and Nucleotides on NBD Conformations-As shown above, binding of both peptide and ATP induced a significant increase in FRET efficiency. The measured changes indicate that both peptides and ATP independently induce increased proximity of the TAP1 and TAP2 NBD. We next asked whether the conformation of TAP complexes induced by the combination of peptides and nucleotides displayed a further increase in NBD proximity. For these analyses, we used the non-hydrolysable ATP analog AMP-PNP and orthovanadate, a phosphate analog, to inhibit the transport cycle and stabilize the NBD closed conformation. Previously, AMP-PNP has been shown to bind ABC transporters and stabilize their outward-facing conformations (19, 22, 23) . Correspondingly, AMP-PNP is unable to transport TAP substrate (Fig. 5A) , even though AMP-PNP binding is measurable in the FRET assay (Fig. 3B, compared with control) . Additionally, vanadate, which has been shown previously to inhibit peptidestimulated ATPase activity (26, 29) , also inhibits subsequent peptide translocation (Fig. 5A) by trapping ADP at the catalytic sites.
Compared with ADP and peptide, the addition of ATP and peptide showed a small increase of NBD FRET efficiency at 27°C, but this effect is not significant (Fig. 5B) . Because the measured FRET efficiencies of bulk samples depend on the amplitudes of the various catalytic intermediates under conditions permissive for transport, the observed FRET efficiency in the presence of ATP and peptide (Fig. 5B) is likely the averaged signal resulting from the cycling of TAP between multiple conformational states. We expected that, in the presence of both the non-hydrolysable ATP analog AMP-PNP and peptide, TAP1/TAP2 might be arrested in a prehydrolysis reaction intermediate. We thus investigated whether binding of AMP-PNP and peptide led to a further increase in the A/D ratio. As seen in Fig. 5B , the addition of both AMP-PNP and peptide yielded changes in the A/D ratio that were increased significantly compared with the corresponding ADP and peptide condition. Overall, these findings indicate that, in the presence of substrate, binding of the non-hydrolysable ATP analog induces a population of TAP molecules with maximally closed NBDs. The FRET efficiency enhancements induced by AMP-PNP and peptide are saturating at 100 and 1 M, respectively (Fig. 5, C  and D) , but both are significantly lower than that induced by the combination of AMP-PNP and peptide (B). Thus, it appears that there is a combined synergistic effect when both peptide and AMP-PNP are present.
Enhanced NBD closure induced by the combination of AMP-PNP and peptide relative to peptide alone or the combination of peptide and ADP is observed only at 27°C (Fig. 5B ) but not at 4°C (E). Thus, conformational switches induced by the combination of peptide and nucleotide are strongly temperature-dependent. In the presence of peptide and vanadate, the addition of ATP also yielded significantly a higher FRET efficiency enhancement compared with that induced by the addition of ADP (Fig. 5F ). The FRET assay was performed (Fig. 5F) at 27°C, under which condition vanadate can be trapped by TAP as an ADP-sodium orthovanadate complex. Together, these findings indicate that both the non-hydrolysable ATP analog and the ATP-vanadate combination, when present together with peptide, induce stronger NBD closure compared with peptide or nucleotide alone.
We expected that the ATPase-deficient mutant TAP1-TAP2(E632Q) would also arrest the catalytic cycle of TAP in a prehydrolysis reaction intermediate in the presence of both ATP and peptide because TAP1-TAP2(E632Q) complexes are able to bind nucleotides and peptide with similar affinities as wild-type TAP (11) . As shown in Fig. 2B , TAP1-TAP2(E632Q) complexes were impaired for peptide transport into sf9 cell microsomes because of a deduced deficiency in ATPase activity. We performed the FRET assay at both 4°C and 27°C using fluorescently tagged versions of the mutant complexes. The combined effects of nucleotides and peptide were again temperature-dependent. At 4°C (Fig. 5G) , similar FRET efficiencies were observed with T1C-T2Y(E632Q) complexes in the presence of both nucleotides and peptide, compared with that observed in the presence of peptide alone. At 27°C, the addition of peptide together with ADP or ATP yielded a significantly stronger FRET efficiency compared with peptide alone (Fig.  5H) . However, there was no significant difference between ADP and ATP.
DISCUSSION
In recent years, x-ray structures of several full-length ABC exporters have been published and have revealed large conformational changes during the substrate transport cycle (19, 22, 30 -34) . A number of biophysical and biochemical methods, including electron microscopy (35), pulsed EPR spectroscopy (36), fluorescent dye-based FRET spectroscopy (37) , and crosslinking assays (18) , were also adopted to investigate the conformations of ABC transporters under different conditions. All of these methods involve the use of purified/reconstituted protein, some of which may result in an altered or non-native conformational equilibrium of ABC transporters. For example, Sav1866 exhibits an unexpected outward-facing conformation in the presence of ADP (32) . Therefore, a non-invasive approach is needed to study the conformational changes of the ABC transporter under physiological conditions. In this study, we have designed a system in which structural changes involving the NBDs are detected using full-length TAP proteins tagged with donor and acceptor fluorescent proteins for FRET spectroscopy, which allows us to monitor the relative distances between TAP1 and TAP2 NBDs under different conditions in a native cellular membrane environment.
In intact ABC transporters, the Walker A motif of one NBD is oriented toward the signature motif of the second NBD (reviewed in Ref. 5) . Some nucleotide-bound, full-length ABC transporter structures reveal fully closed NBD conformations when ADP or ATP are sandwiched at the interface (32, 38) , compared with open NBD conformations in nucleotide-free transporter structures (19) . Other nucleotide-bound transporter structures reveal relative open NBD conformations similar to the apo state, even in the presence of non-hydrolysable ATP analogs (34) . For TAP on native membranes, we found /s (cps) . B-H, FRET efficiency changes were measured in permeabilized cells expressing the T1C-T2Y or T1C-T2Y(E632Q) complexes in the presence of nucleotide alone, peptide RKL alone, nucleotide ϩ the peptide RKL, or, additionally, in the presence of vanadate (Vi) at 4°C or 27°C as indicated. FRET efficiencies measured under the indicated conditions were normalized relative to the conditions in which cells were incubated in buffer alone (without nucleotide or peptide), except in F, where FRET efficiency was normalized relative to the buffer condition and 100 M vanadate. Nucleotides and peptide were used at 100 and 1 M, respectively, unless indicated otherwise. Error bars (B-F) represent the S.E. from at least three independent experiments, each analyzed in triplicate. *, p Յ 0.05; **, p Յ 0.01; ***, p Յ 0.001; ****, p Յ 0.0001. N.S., not significant. that the addition of nucleotides alone, including ADP, ATP, and AMP-PNP, enhances FRET efficiency at 27°C, with the most significant enhancement induced by ATP, in the case of the ATPase-deficient mutant TAP complex (Fig. 3) . Nonetheless, compared with other conditions, ATP alone was insufficient to induce maximal FRET efficiency (Fig. 5) . A recent structure of TM287-TM288, an ABC transporter from Thermotoga maritima, also revealed an intermediate, partially closed, inward-facing conformation in the presence of AMP-PNP, which was bound only to the non-canonical, high-affinity ATP site rather than to the catalytic site (33) .
The T1C-T2Y(E632Q) complex is more sensitive to nucleotides than the wild-type TAP complex, as suggested by the findings of ATP-induced enhancement in FRET efficiency, even at 4°C (Fig. 3C) , and a more significant enhancement in FRET at 27°C compared with wild-type complexes (normalized FRET efficiency changes of ϳ3.6 and ϳ2%, respectively). These findings are consistent with our previous study, which showed that, compared with wild-type TAP1-TAP2, the TAP2(E632Q) mutation enhances labeling of both TAP1 and TAP2 with 8-azido-ATP (11) . Additionally, in the context of the isolated ABC transporter NBD, the mutation is known to stabilize NBD dimers even in the absence of magnesium binding (16) .
We found that nucleotide-induced TAP conformational change is temperature-dependent, indicated by higher FRET efficiencies of both the wild-type and T1C-T2Y(E632Q) mutant at 27°C compared with 4°C in the presence of nucleotide, both in the presence and in the absence of peptide. This finding is consistent with a previous study that showed that nucleotide occlusion by P-glycoprotein is also temperature-dependent (39) . The temperature dependence of FRET efficiency changes caused by nucleotide binding might be due to increased membrane fluidity at 27°C, which could enhance the interaction of NBDs. The influences of membrane fluidity on ABC transporter function have been examined previously for P-glycoprotein (40) . In this case, drug transport is inhibited by compounds that increase membrane vesicle fluidity. These findings suggest that increased membrane fluidity might reduce, rather than enhance, conformational changes of TAP. It is possible that the temperature dependence of the nucleotide-induced TAP NBD FRET signal arises because of the temperature dependence of the elicited conformational changes or because of the temperature dependence of TAP-nucleotide binding, possibilities that need further study.
Compared with all the tested nucleotides, a larger increase in FRET efficiency was seen upon addition of a specific peptide (normalized FRET efficiency change of maximally ϳ3% for RKL compared with ϳ2% for ATP at 27°C). Peptides are known to bind TAP in an ATP-independent manner (12) . TAPs displays a low basal ATPase activity in the absence of peptides, and peptide binding stimulates ATP hydrolysis (26, 29) . The allosteric coupling between peptide binding and ATP hydrolysis suggested that peptide binding might induce a significant structural reorganization of the TAP complex, which triggers ATP hydrolysis. How peptide binding is coupled with ATP hydrolysis was unknown. Our results (Figs. 4 and 5) indicate that peptide alone, by interacting with the TAP transmembrane domains, induces a partial closure of the TAP NBD dimer (Fig. 6, A 3 B) . We attribute the peptide binding-induced partial NBD closure to an intermediate pretranslocation state (Fig.  6B) (41) . In contrast to the interaction of ATP analog with the resting state (Fig. 6B') , binding of an ATP analog to the pretranslocation state (Fig. 6C ) drives progression to the maximally closed state (Fig. 6D) , indicating that peptide binding lowers the energy barrier for closure of the NBD dimer, a necessary prerequisite for ATP hydrolysis. Peptide binds to the open form to induce the pretranslocation state, thus explaining the well known enhancement of ATP hydrolysis by peptide (26, 29) . This property of TAP emphasizes the important role of the substrate in regulating the ATPase activity by stabilizing a specific conformation of the transporter through an induced-fit mechanism (42) . During the preparation of this manuscript, two papers were published (43, 44) , suggesting that substrates also facilitate NBD dimerization in MsbA and P-glycoprotein, findings that are highly consistent with the results from our study.
Given that the putative peptide binding pockets are located in the transmembrane region (9) , conformational changes of the TMD generated by peptide binding are most likely transmitted to the NBDs through non-covalent interactions between intracellular loops from TMDs and the Q-loop and/or X-loop from NBDs at the shared interface (45) .
Maximal NBD closure occurs in both the prehydrolysis (AMP-PNP) and transition (ADP-sodium orthovanadate) states (Fig. 5, B  and F) . The structural details of the catalytic cycle are not yet fully understood, and it is under debate whether ATP binding or hydrolysis triggers the conformational changes needed to drive substrate translocation. The similarity of FRET efficiency changes induced by AMP-PNP or ATP-vanadate in the presence of peptide (Fig. 5, B and F, normalized FRET efficiency changes of 4.5 and 4.8%, respectively) indicates that the maximum observable NBD closure can be triggered by ATP binding and does not rely on hydrolysis. Interestingly, with T1C-T2Y(E632Q), ADP binding triggers NBD dimerization to the same extent as ATP in the presence of peptide. These findings are consistent with the possibility that the E632Q mutation of TAP2 lowers the energy barrier for the conformational change so that either ADP or ATP suffices to induce full closure.
The synergy between nucleotide and peptide binding in inducing a conformational change parallels the well characterized acto-myosin ATPase cycle, which is an essential part of muscle contraction and cellular motility (reviewed in Ref. 46 ). The sliding of the acto-myosin cross-bridge accompanies a conformational change in the myosin NBD that is synergistic with actin binding and nucleotide exchange. Although the specific sequence of events and nucleotide states are distinct between acto-myosin and TAP-mediated peptide translocation, the conceptual elements are similar and provide for a broad framework in which to understand the coordination between nucleotide and peptide binding to drive the conformational changes that lead to peptide translocation in TAP complexes.
As a bridge between TAP and MHC class I molecules, tapasin has been found to be associated with the TAP subunits through interacting with N-terminal extensions of the TMD of both TAP subunits. Our previous work has shown that tapasin enhances the structural stability of the peptide binding site of TAP1-TAP2 complexes both in the presence and absence of nucleotides and the thermostability of both TAP subunits (47) . However, tapasin is non-essential for peptide transport by TAP, and core TAP domains lacking a tapasin-binding site are competent for peptide transport (48) . We expect that the effects described here of peptide and nucleotide-induced FRET signals will be largely conserved in the presence of tapasin, with more significant effects of peptide and nucleotide because of the increased stability of TAP.
With the foregoing evidence in mind, together with the structural analyses presented in this study, we propose a working model in Fig. 6 . Overall, our results support the switch model rather than the constant contact model (6) , given the measurable distance changes of the NBD when cycling between the inward-facing and outward-facing conformations. Our data suggest that, in the presence of ADP, TAP is in an inward-facing resting state conformation. The peptide-binding site is exposed to the cytoplasm, and the NBDs of the TAP subunits are separated (Fig. 6A) . In the following step, peptide binding and ATP-ADP exchange could happen independently, and either one could take place first. Peptide binding would induce a pretranslocation complex, and the two NBDs of TAP rotate inward, forming a semiopen dimer (Fig. 6B) . ATP binding to the pretranslocation state promotes a concerted conformational change involving full closure of the NBDs and rotation of the TMDs so that peptide can be released into the ER lumen (Fig.  6C) . In another pathway, ADP can be exchanged to ATP (Fig.  6B') , and the following peptide-binding step results in a fully closed NBD dimer (Fig. 6C) . The peptide is then transferred from TAP into the ER lumen, and two ATP molecules are positioned at the closed dimer interface for hydrolysis (Fig. 6C) .
The ability of the FRET assays described here to measure conformational changes in a native cellular membrane environment offers unique insights into the functional mechanism of ABC transporters. Our experiments show that TAP NBDs are separated in the apo state and that the distance between the two NBDs is significantly reduced upon peptide binding and ATP binding. On the basis of these findings, we propose that there are at least three dynamically and structurally distinct intermediate states of TAP (Fig. 6B, B', and C) . Three steps are involved in transferring peptide across the ER membrane. Peptide or ATP binding to TAP induces a partially closed pretranslocation NBD conformation. ATP and peptide binding together promote the formation of the fully closed conformation, likely the outward-facing state that transfers peptide from TAP to the ER. ATP hydrolysis resets the transporter to the inward-facing state to trap another peptide. The proposed steps may be general features of the functional mechanism of ABC transporters.
